In recent years, the contribution that different glutamate receptor subtypes and subunits make to spatial learning and memory has been studied extensively using genetically modified mice in which key proteins are knocked out. This has revealed dissociations between different aspects of spatial memory that were not previously apparent from lesion studies. For example, studies with GluA1 AMPAR [AMPA (α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid) receptor] subunit-knockout mice have revealed the presence of a GluA1-dependent, non-associative short-term memory mechanism that is important for performance on spatial working memory tasks, and a GluA1-independent, long-term associative memory mechanism which underlies performance on spatial reference memory tasks. Within this framework we have also studied the contributions of different GluN2-containing NMDARs [NMDA (N-methyl-d-aspartate) receptors] to spatial memory. Studies with GluN2 NMDAR mutants have revealed different contributions from GluN2A-and GluN2B-containing NMDARs to spatial learning. Furthermore, comparison of forebrain-and hippocampusspecific GluN2B-knockout mice has demonstrated that both hippocampal and extra-hippocampal NMDARs make important contributions to spatial memory performance.
Introduction
Glutamate is the major excitatory neurotransmitter in the central nervous system, exerting its actions via both ionotropic and metabotropic receptors. There are multiple subtypes of glutamate receptors, and some of these subtypes are also made up of combinations of different subunits which confer different biochemical and electrophysiological properties on the protein complexes [1] . Ultimately, the functional significance of these different receptor properties requires an understanding of their contribution to the behaving organism. In recent years, the rapid advances made in the field of genetic engineering, resulting in the generation of genetically modified mice in which a specific receptor subunit can be selectively deleted or modified, have allowed the functional significance of individual glutamate receptor subunits to be assessed at a behavioural level.
In order to assess the contribution of glutamate receptors to behaviour, we first need a model system in which to study their importance. The role of the rodent hippocampus in spatial memory has attracted great attention [2] , particularly with regard to the putative role of glutamate receptormediated synaptic plasticity in learning (e.g. [3] ). Lesions that destroy the cells in the hippocampus impair spatial learning and memory across a wide range of different behavioural tests (see [4] for a review), although the deficits that result from hippocampal lesions are not exclusive to spatial tasks (e.g. [5, 6] ). Nevertheless, the role of the hippocampus in spatial learning and memory provides an ideal system for studying the role of different glutamate receptor subtypes and subunits in behaviour. Intriguingly, studies with genetically modified mice lacking individual glutamate receptor subunits have revealed dissociations between different aspects of spatial memory that were not previously apparent from lesion studies.
AMPARs [AMPA (α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid) receptors] and spatial memory
AMPARs are the major conduit of fast, excitatory synaptic transmission in the forebrain. They are ligandgated, hetero-oligomeric proteins composed of combinations of four different subunits. In the hippocampus of the adult mammalian brain, AMPARs on pyramidal cells are predominantly made up of GluA1-GluA2 or GluA2-GluA3 dimers. Fast synaptic transmission can be blocked pharmacologically using antagonists that block both AMPA and kainate receptors. Infusion of the AMPA/kainate antagonist LY326325 directly into the hippocampus blocks synaptic transmission, as demonstrated by the reduction in evoked field potentials in the dentate gyrus, and impairs acquisition of the standard, fixed location, hidden escape platform version of the Morris water maze task [7] .
On this version of the task, the rat is released into the water from various different starting points around the maze and is required to use the extramaze cues located around the testing room to locate an escape platform that remains in a fixed spatial location on every trial. This paradigm is often referred to as a 'spatial reference memory task' because learning is dependent on the formation of associations between spatial cues and an outcome (i.e. the escape platform) that remain constant across all training trials. Rats treated with LY326325 resembled rats with hippocampal lesions and took longer latencies and travelled greater distances to find the platform. They also showed no memory for the platform location during a probe (transfer) test conducted at the end of training, during which the platform was removed from the pool and the rats allowed to swim freely for 60 s. Whereas vehicle-infused rats showed a preference for the quadrant of the pool that had previously contained the platform, suggesting that they had learned about its spatial location, the LY326325-treated animals did not, thus demonstrating the importance of hippocampal AMPA/kainate glutamate receptors for spatial memory.
GluA1 AMPAR deletion fractionates spatial memory
Although the use of drugs such as LY326325 have allowed the contribution of AMPA/kainate receptors to be studied, as distinct from other glutamate receptor subtypes [such as NMDA (N-methyl-D-aspartate) and metabotropic glutamate receptors], these antagonists do not permit the contribution of different, specific AMPAR subunits to be assessed. Using genetically modified mice it has become possible to study the contribution of the different AMPAR subunits to behaviour.
In contrast with the effects of intra-hippocampal LY326325, deletion of the GluA1 (GluR-A or GluR1) AMPAR subunit does not affect the ability of mice to learn the standard, fixed location, hidden escape platform version of the water maze task. GluA1 −/− mice were indistinguishable from wild-type, littermate controls, both in terms of pathlengths during training, and in terms of probe test performance [8, 9] . This is in marked contrast with the impaired performance exhibited by mice with hippocampal lesions [10] .
However, GluA1 −/− mice were dramatically impaired on a different kind of spatial memory task [8] . Rewarded alternation (or spatial non-matching to place) on the elevated T-maze is often described as a spatial working memory task because correct performance is reliant on the ability to remember trial-unique information and choose appropriately between various spatial response alternatives that are variably correct or incorrect. During the task, mice receive a sample trial in which they are forced to enter either the left or right goal arm where they receive a food reward. Immediately after the forced sample trial, mice then receive a free-choice trial in which they are rewarded for entering the arm that was not previously visited. They are not rewarded if they re-visit the arm that was entered on the sample trial. In other words they are rewarded for alternating. This is also described as win-shift behaviour. Just like the spatial reference memory water maze task, spatial working memory performance is exquisitely sensitive to hippocampal lesions, both in rats [11] and mice [10] . GluA1 −/− mice exhibit a robust and reliable impairment on the T-maze rewarded alternation task [8] .
Thus, on spatial working memory tasks, GluA1
−/− mice do resemble animals with hippocampal lesions.
The distinction between spatial working and reference memory can also be demonstrated using the radial maze task which consists of six arms radiating out from a central platform like spokes on a bicycle wheel. Mice are trained that three out of six arms contained food rewards and that the remaining three arms are never baited with food. Importantly, the same three arms always contain the food. The animal must thus first learn to discriminate between the baited and never-baited arms, based on their spatial location relative to extramaze cues. This is the reference memory component of the task and if an animal enters an arm that is never baited then that is scored as a reference memory error. Hippocampal lesioned mice are impaired at acquiring the reference memory component of the task and never learn to discriminate between the baited and never-baited arms [12] . However, the GluA1 −/− mice are able to discriminate between the baited and never-baited arms, and do so as efficiently as wild-type controls [12, 13] .
The spatial working memory component of the task can then also be introduced. As the food rewards are not replaced within a trial, animals need to keep track of which arms they have already visited on that particular trial for efficient performance (i.e. they must adopt a win-shift behaviour). If an animal enters an arm that is normally baited, but which it has already entered on that trial (and so now is not rewarded), then this is scored as a working memory error. GluA1 −/− mice displayed a spatial working memory deficit and failed to exhibit the appropriate win-shift behaviour [12, 13] .
Thus these results show that there are two dissociable forms of spatial memory, both of which depend on the hippocampus for their expression. There is a rapid, flexible GluA1-dependent form of memory which underlies spatial working memory performance on tasks such as the T-maze and the working memory component of the radial maze. In addition, there is also a gradually acquired or incremental spatial reference memory mechanism that is GluA1-independent.
It is generally considered that spatial reference memory acquisition, whether on aversively motivated tasks such as the Morris water maze, or using appetitively motivated paradigms such as the reference memory component of the radial maze, involves forming long-term associations between spatial locations and outcomes, such as the presence of an escape platform or a food reward. These tasks can therefore be thought of as associative, long-term memory tasks and a spatial preference develops gradually over many trials. In contrast, in normal animals performance on win-shift maze tasks, such as T-maze rewarded alternation, is very often well above chance levels from the very beginning of training. This reflects the fact that animals will alternate spontaneously, even in the absence of any food rewards. This spontaneous preference to alternate reflects novelty-seeking behaviour. Animals prefer to visit a novel arm over a familiar arm, and they do so because they have habituated to the familiar arm. Habituation is the reduced tendency to respond to a stimulus Hippocampal lesions and GluA1 deletion both impair performance on a spatial novelty preference test. Sham and wild-type (WT) mice exhibited a preference for a previously unexposed (Novel; N) arm of a Y-maze over two familiar arms to which they have previously been exposed (Start and Familiar; S and F). GluA1-knockout mice (GluA1 −/− ) and hippocampal lesioned mice (cHPC) did not show a significant preference for the novel arm. Based on data taken from [14] .
that has become familiar due to exposure and we can study habituation in mice using a simple spatial novelty preference task in a Y-maze ( [14] , see Figure 1 ). Mice are allowed to explore two out of three arms of a Y-maze for 5 min (the Start and Other arms; Exposure Training). They are then removed from the maze and returned to their home cage for a delay of 1 min before then being returned to the Y-maze and now given a free choice of all three arms (Novelty Preference Test). Normal, wild-type mice show a preference for the previously unvisited, Novel arm, and this novelty-seeking behaviour reflects habituation to the familiar (Start and Other) arms. In contrast, GluA1 −/− mice show no preference for the novel arm over the familiar arms, suggesting that they have no short-term memory for the recently visited spatial locations and that they have failed to habituate [14, 15] . As this shortterm habituation reflects how novel or familiar the different arms of the maze feel, and does not require the animal to form any associations between the spatial locations and any other stimuli (e.g. food reward or escape platform), this is sometimes described as a non-associative form of memory.
Similarly, performance on appetitive, spatial working memory, win-shift maze tasks, during which animals are required to choose the more novel option in preference to the more familiar option for reward, may also reflect, at least in part, a non-associative habituation process. As a consequence of experiencing a particular spatial location (e.g. the goal arm visited on the sample run during T-maze rewarded alternation) that spatial location will feel familiar and there will be a subsequent, short-term reduction in the tendency to explore that same location. Thus normal animals will show a tendency to explore the less familiar/more novel option and therefore readily demonstrate win-shift behaviour, both on the T-maze, and during the working memory component of the radial maze task. Spatial working memory performance in normal rodents on win-shift maze tasks may therefore reflect non-associative stimulus-specific, short-term habituation to spatial cues [14, 15] . In contrast, GluA1
−/− mice display impaired spatial working memory performance and impaired short-term habituation, failing to show a preference for novel over recently visited, familiar spatial locations.
To summarize, GluA1 deletion has fractionated spatial memory into non-associative, short-term and associative, long-term mechanisms that support spatial working memory and spatial reference memory performance respectively. This was not evident from studies with hippocampal lesions, and has only become apparent using more sophisticated tools, in the form of genetically modified mice, that are now available to study learning and memory. Having established this dissociation, we will now explore the contribution of NMDARs (NMDA receptors) to these two separate psychological processes.
NMDARs and spatial memory
Hippocampal NMDAR-dependent synaptic plasticity has long been regarded as the key neural mechanism underlying spatial memory [3, 16] . Despite this, there is still uncertainty and controversy regarding the precise role that NMDARs play in spatial learning [17] [18] [19] . The NMDAR is a tetrameric protein complex consisting of two GluN1 (NR1) subunits and combinations of GluN2 (NR2) or GluN3 (NR3) subunits. Each of the four GluN2 subunits (GluN2A-GluN2D; NR2A-NR2D) displays a characteristic regional and developmental expression profile and confers different properties on the NMDAR complex, including the decay time-course of NMDAR-mediated EPSCs (excitatory postsynaptic currents). The major GluN2 subunits in adult neocortex and hippocampus are GluN2A and GluN2B. Furthermore, whereas GluN2B is present during embryonic development, GluN2A expression commences only after birth.
There has been great interest and controversy surrounding the putative contribution made by these major GluN2 subunits to different forms of synaptic plasticity [LTP (longterm potentiation) and LTD (long-term depression)] and to behaviour. Much of the controversy arises from the selectivity (or lack of selectivity) of the GluN2 subunitspecific antagonists, in particular, the GluN2A-preferring compounds [20] [21] [22] . Therefore genetically modified mice in which a particular receptor subunit can be selectively manipulated again represent an attractive alternative.
NR2A deletion impairs spatial working memory, but spares spatial reference memory water maze acquisition
We have recently shown that GluN2A −/− mice (NR2A −/− mice) are able to form a long-term association between a particular spatial location and the escape platform, as required during the standard spatial reference memory version of the Morris water maze task [23] . The GluN2A −/− mice were indistinguishable from their wild-type littermates, in contrast with the previous report on these animals (see [23] for discussion; [24] ). They were also capable of acquiring the reference memory component of the radial maze task. At the same time, however, these mice exhibited a pronounced short-term memory deficit on spatial working memory tasks such as T-maze rewarded alternation and win-shift radial maze performance [23] . Thus GluN2A −/− mice resembled GluA1 −/− mice, displaying impaired spatial working memory but normal spatial reference memory.
Forebrain-specific GluN2B deletion results in a global memory impairment
Until recently it was not possible to study the behavioural consequences of GluN2B deletion because mice lacking GluN2B were found to die at birth [25] . This reflected the importance of GluN2B containing NMDARs for perinatal autonomic brain functions. Therefore a conditional genetic strategy was employed to delete the GluN2B subunit specifically from the principal neurons of the forebrain, and to do so only after the birth of the animal (GluN2B Fb mice; NR2B Fb mice). Strikingly, the behavioural phenotype of the forebrainspecific GluN2B
Fb mice was far more extensive than the effects of the constitutive, whole-brain GluN2A deletion [26] .
GluN2B
Fb mice were completely incapable of any spatial learning on either spatial reference or working memory tasks. However, the learning and memory phenotype in these animals also extended beyond the spatial domain, and so it was not possible to dissociate a mnemonic phenotype from a more general performance deficit. For example, the GluN2B
Fb mice were impaired on the simple, visible platform version of the Morris water maze task and also on various appetitively motivated, visual discrimination tasks. Thus the GluN2B
Fb mice also showed clear deficits on hippocampus-independent learning tasks. The presence of this overt extra-hippocampal phenotype in the GluN2B Fb mice could also potentially have contributed to the observed impairments on the spatial memory tasks.
Hippocampus-specific GluN2B-knockout mice
To determine whether the spatial memory phenotype in the GluN2B
Fb mice reflected the loss of hippocampal or extrahippocampal NMDARs required the generation and analysis of mice with a hippocampus-specific GluN2B deletion [26] . Mice that lack the GluN2B subunit specifically in the granule cells of the dentate gyrus and from the pyramidal cells in the CA1 hippocampal subfield (GluN2B HPC mice; NR2B HPC mice) were generated and assessed on the standard spatial reference memory, fixed location, hidden escape platform version of the Morris water maze task. In marked contrast with the GluN2B Fb mice, the GluN2B HPC mice demonstrated normal acquisition of this spatial reference memory task. In terms of pathlengths taken to find the platform during training, the GluN2B HPC mice were indistinguishable from control animals. In terms of performance during the probe test conducted at the end of training (after 36 trials), the GluN2B HPC mice actually spent a greater amount of time in the training quadrant than the controls. This reflected the fact that the GluN2B HPC mice persisted with searching for the platform in the former training quadrant for longer during the probe trial. Thus the spatial learning deficit in the forebrainspecific GluN2B
Fb mice, seen in the water maze, probably reflects a reduction in NMDAR-mediated synaptic plasticity outside the hippocampus (e.g. in the cortex), emphasizing the importance of extra-hippocampal NMDARs for spatial memory performance. It is of course important to point out that, on the basis of the data from the GluN2B Fb mice, one cannot separate a role in memory from a role in other aspects of behaviour (e.g. perception and/or motivation) that are required for efficient task performance.
Hippocampal GluN2B-containing NMDARs do, however, play an important role in some aspects of spatial memory. When the platform was then moved to the opposite quadrant and training continued, the GluN2B HPC mice again persisted with searching for the platform in the original training location for longer, and thus were impaired in learning the new platform position during this spatial reversal phase [26] . They also exhibited a mild spatial working memory deficit on the spontaneous T-maze alternation task. Thus hippocampal GluN2B-containing NMDARs may play very specific roles in certain aspects of spatial memory. They may be important for distinguishing between spatial locations on the basis of their relative familiarity and for detecting when contingencies between spatial locations and outcomes have changed.
Conclusions
To conclude, studies with various different glutamate receptor subunit-knockout mice have fractionated spatial memory, revealing dissociations between different aspects of spatial memory that were not previously apparent from lesion studies. GluA1 deletion produced very specific deficits on spatial working memory tasks but spared performance on spatial reference memory tasks, including the standard fixed location, hidden escape platform version of the Morris water maze. These results identify separate associative and non-associative, hippocampus-dependent, spatial memory mechanisms [15] . Studies with GluN2 NMDAR mutants have revealed different contributions from GluN2A-and GluN2B-containing NMDARs [23, 26] , and comparison of forebrain-and hippocampus-specific GluN2B-knockout mice have demonstrated that both hippocampal and extrahippocampal NMDARs make important contributions to spatial memory performance.
